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Wide-bandgap electronics 
I 
The Spring Materials Research Society meeting in San Francisco included Symposium-T on wide-bandgap 
semiconductors. This topic is hot - both literally and metaphorically - and advances cover both research and 
commercial devices. Progress was reported on high-power, high-voltage, high-temperature devices that use 
gallium nitride and silicon carbide to offer stable operation parameters at junction temperatures over 250°C. 
T he first invited paper, pre- sented by Paul Chow of Rensselaer Polytechnic 
Institute, described the latest 
achievements in SIC two- and 
three-terminal devices. 
Performance levels for silicon 
devices are nearing the physical 
limit of this element, yet applica- 
tions for higher-performance de- 
vices (driven by frequency, power 
density, temperature and voltage) 
continue to be generated. As luck 
(or nature) would have it, both 
GaN and 4H- and GH-SiC based de- 
vices are waiting to take over, with 
breakdown voltages about 10 
times those of silicon and operat- 
ing temperatures already con- 
firmed for the 200~300°C range. 
The development of Sic two- 
terminal devices (which operate in 
a similar mode to silicon) has been 
on-going for some time and repre- 
sents a maturing technologyAn ex- 
ample is the operation of an 
8600 V PIN diode (a vertical de- 
vice) recently reported by Cree 
Inc. However, because of the wide 
use of insulating sapphire sub 
strates for GaN, most of the nitride- 
based PIN diodes are laterally oper- 
ating devices. But even these can 
now be described as an almost ma- 
ture technology, with workers at 
Purdue University recently report- 
ing a 4500 V GaN-based Schottky 
rectifier. 
For three-terminal devices, pnp 
silicon transistors usually have bet- 
ter performance than npn. But for 
Sic the reverse is true, with the per- 
formance (p) decreasing with in- 
creasing temperature. This latter 
property gives an advantage to SIC 
transistors in that it self-limits de- 
vice failure by limiting the power al- 
located per finger as the device and 
finger temperatures increase with 
increasing power loads. In addition, 
a little-publicised benefit of Sic is its 
power-switching efficiency: over 
99% compared to less than 95% for 
silicon. This factor has not been 
overlooked in Japan, where the gov- 
ernment has estimated that the re- 
placement of silicon power control 
circuits by Sic would save the in- 
stallation of about five power gener- 
ation stations. 
For heterojunction bipolar tran- 
sistors, GaN devices are expected to 
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Figure 1. Hydrogen sensor structure. 
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out-perform Sic in the futureAn ex- 
ample of this potential is the devel- 
opment of a 5000 V GaN transistor 
recently reported by the electronics 
group at the University of Florida. 
Discrete devices 
In the realm of useful III-V devices, 
Flaminia Serina from Wayne State 
University presented an aluminium 
nitride MIS (metal-insulator-semi- 
conductor) hydrogen sensor 
grown by plasma-source MBE 
(Figure 1). Use of AlN instead of sil- 
icon or titanium dioxide allows 
both room- and high-temperature 
operation of the sensor.The epitax- 
ial AlN layer was deposited on ei- 
ther silicon (111) or GH-SiC 
substrates, followed by a mag- 
netron sputtered layer of palladi- 
um, which also serves to diffuse 
and dissociate the hydrogen gas. 
The sensor circuitry is completed 
with the addition of a metal-foil 
base layer (of platinum or alumini- 
urn). The thinner nitride layers 
(700-1OOOA) were the most sensi- 
tive and could detect low levels of 
hydrogen even in the presence of 
propane and carbon monoxide. 
As research continues into the 
behaviour of GaN materials, more 
information about its electronic 
behaviour becomes available. 
Michael Shur from Rensselaer 
Polytechnic Institute reviewed the 
significance of the very high den- 
sities of two-dimensional gases 
(up to 20 times those in the 
GaAs/AlGaAs materials system) 
obtainable in the aluminium/galli- 
urn nitride device layers. In these 
heterostructures there are high 
levels of built-in strain giving rise 
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to high levels of polarisation. The 
polarisation values are the sum of 
similar values of spontaneous 
strain-induced and piezoelectric 
polarisation, which in turn create 
‘new physics’ of strain energy 
band engineering with respect to 
2D electron and hole densities, 
drift velocities and polarisation 
doping.These new factors need to 
be considered when developing 
new devices. 
Asif Kahn from the University 
of South Carolina reported on the 
development of AlGaN/GaN metal 
oxide heterostructure field effect 
transistors (MOS-HFETs), prepared 
on both 4H-SiC and sapphire sub- 
strates using 2OOA of deposited sili- 
con dioxide in the gate regions. 
The MOS devices had a similar per- 
formance to the HFETs, but provid- 
ed much-improved gate leakage 
(by 4 to 6 orders of magnitude) 
and increased gate voltage swings. 
The cut-off frequency on the 4H- 
Sic was higher than for the HFETs, 
with the frequency/gate-length 
product as high as 16 GHz-urn. Asif 
reported that the high-temperature 
characteristics of the MOS-HFET 
were at least as good as those of 
the HFET, making them good can- 
didates for high-voltage, high-tem- 
perature electronic applications. 
Progress continues in other ar- 
eas of discrete GaN electronic de- 
vices, and increasing diversity 
unfolds as higher-performance lev- 
els are revealed. Ridha Kamoua of 
SUNY at Stonybrook described the 
development of GaN Gunn diodes 
that generate high power emission 
at millimetre- and submillimetre- 
wave frequencies. Monte Carlo 
simulation (based on iridium phos- 
phide comparisons) leads to antici- 
pated operating frequencies of 
200300 GHz at temperatures up to 
SOOK. Actual device performances 
obtained to date are based on a 1 
urn thick graded active layer (from 
cathode to anode), achieving out- 
put power levels of 100 mW at 260 
GHz (1% efficiency), 37 mW at 230 
GHz (~0.5% efficiency) and 146 
mW at 2 15 GHz (2% efficiency).All 
GaN (2 microns) 
Figure 2. HEMT cross section. Hydrogen sensor structure. 
the devices were mounted on dia- 
mond heat sinksThese power lev- 
els are about a one order of 
magnitude improvement over 
those obtained from second-order 
harmonic InP Gunn oscillators. 
X A Cao of the University of 
Florida reported on MOCVD- 
grown Schottky diodes and p-i-n 
rectifiers in a joint effort with 
Sandia National Laboratories and 
the National Central University of 
Taiwan. Their objective is the de- 
velopment of single-pulse GaN 
switches for power levels of 1 MW 
and more. Guard and field ring 
techniques were used for junction 
barrier control to achieve these 
high breakdown voltages.Active ar- 
eas were defined by p- and n-im- 
plantations, followed by annealing 
with an AlGaN cap. Silicon im- 
plantation was used for the n+ and 
n++ regions and magnesium for the 
p+ regions. Typical device break- 
down voltages are 300-600 V, 
though as high as 2 kV has been re- 
ported previously using semi-insu- 
lating substrates. With simulated 
figures of merit of 5-50 MW/cm2 
for these devices, there is a realistic 
future for GaN power switches 
based on this technology. Cao re- 
ported record breakdown voltages 
of 3.1 kV for GaN and 4.3 kV for 
AlGaN devices. 
Miroslav Micovic of Hughes 
Research Laboratories described 
the development of high-perfor- 
mance, MBE-grown GaN/AlGaN 
HEMTs for applications beyond 
the X-band. The transistor layers 
were grown at 700°C directly onto 
4H-SiC wafers after depositing an 
AlN nucleation layer (Figure 2). 
However, the Sic surface prepara- 
tion process (prior to nucleation 
layer deposition) is proprietary 
and was not revealed. A record 
peak output power of 6.5 W/mm 
at 8 GHz was claimed for these 
MBE-grown HEMTs, with all values 
falling within a 5% range across a 
2” Sic wafer.Typical current densi- 
ties were 1.2-1.3 A/mm, with a 
maximum of 1.5 A/mm. Miroslav 
expects t:lat this MBE process 
should be suitable for the fabrica- 
tion of large-area power circuits. 
MaterLals 
In an early session, Samsung 
Advanced Institute of Technology 
(SAIT) announced a GaN wafer 
process using hydride vapour 
phase epitaxy, joining the now nu- 
merous list of companies trying to 
provide commercial routes to bulk 
nitride wafers. Eunsoon Oh briefly 
described the process (Figure 3). 
Sapphir’e substrates receive a ni- 
tride nucleation layer, followed by 
HVPE growth of GaN.The sapphire 
is then removed and the top sur- 
face polished to remove spikes and 
surface roughness, followed by 
chemically-assisted ion-beam etch- 
ing to remove the subsurface dam- 
age.A specular surface is obtained 
by deposition of an MOCVD layer. 
Eunsoon stated that the wafers had 
a broad photoluminescence spec- 
trum, but narrow x-ray rocking 
curves.The PL spectra were better 
on the final MOCVD wafer than on 
the as-grown wafer. Wafer samples - 
‘free for thl? time being’ - were of- 
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‘igure 3. Schematic diagram of Samsung Advanced Institute of Technology wafer growth. 
fered for test and evaluation (from 
Sung Soo Park at SAIT, E-mail 
ssp@sait.samsung.co.kr) 
In a different approach to HVPE 
growth of GaN, J T Wolan of Missis- 
sippi State University (in coopera- 
tion with TDI) reported the 
deposition of 600-700 nm layers of 
GaN directly onto 6H-Sic (without 
buffer layers) to form quasi GaN 
wafers. Photoluminescence spectra 
indicated good crystal quality, but 
the background impurity concen- 
tration level was high at approxi- 
mately 1018 atoms/cm3. 
As a measure of the extremes 
being considered for bulk GaN 
crystal growth, Rajiv Singh of the 
University of Florida (in coopera- 
tion with A Novikov of Gemesis in 
Sarasota) described high-pressure 
growth (at 65 kilobars, or 65,000 
atmospheres) of GaN at l6OO”C. In 
the melt growth process (nitrogen 
over gallium at 45 kbar) the nitro- 
gen solubility is low: only about 
0.1% at 1350°C. In this work a solid 
nitrogen source is used instead in a 
1” cube sized reaction chamber 
and subjected to 65 kbar pressures 
at 1600°C. Under these conditions, 
the system has produced single 
crystals up to 0.4 cm across. 
Silicon-germanium devices have 
recently been given much atten- 
tion as the presumed successors to 
gallium arsenide chips and now 
the competitive process is under- 
way. However, germanium alloying 
has been extended to Sic and was 
reported by Gary Katulka from the 
US Army Research Center (in a 
joint research effort with the 
University of Delaware and 
Northrop Grumman). Katulka de- 
scribed the formation of het- 
erostructures in Sic by ion 
implantation of germanium to 
form SiC/SiC:Ge hetero-regions. 
Potential applications would be 
high-frequency, high-power hetero 
Sic devices such as diodes, HBTs, 
optoelectronic devices, and etch- 
stop layers.To make these hetero- 
layers, 8x1020 cmm2 germanium was 
implanted into Sic at 200,000- 
300,000 kV and annealed at up to 
1700°C. The resultant layers were 
thermally stable up to lOOO”C, with 
the germanium being substitution- 
ally located. Substitutional values 
for germanium as high as 1.5% 
were obtained. 
GaAs InP 4H-SiC 
(AlGaAs (InAlAs/ (-) 
InGaAs) InGaAs) 
GaN 
(AlGaNI 
GaN) 
Bandgap (eV) 1.1 1.42 1.35 3.26 
Electron mobility (cm2Ns) 1500 8500 5400 700 
Saturated (peak) electron velocity 
(x107 cm/s) 
2DEG sheet electron density (cmm2) 
Critical breakdown field (MV/cm) 
Thermal conductivity (W/cm K) 
Relative dielectric constant (E,) 
.l.O 1.0 1.0 2.0 
(1.0) (2.1) (2.3) (2.0) 
NA <4x 10 l2 ~4x10’~ NA 
0.3 0.4 0.5 2.0 
1.5 0.5 0.7 4.5 
(3.3)a 
11.8 12.8 12.5 10 
a Thermal conductivity of semi insulating-Sic. 
b VMAsnin, F H Pollak, J Rameq MShurman and I Ferguson, Appl. Phys. Lett. (submitted May 1999). 
c As material quality improves for GaN, mobility is expected to rise beyond 2000. 
3.49 
900 
(>2OOO)C 
1.5 
(2.7) 
1-2x1013 
3.3 
>1.7b 
9.0 
Table 1: Summary of key materials parameters (courtesy of John Zolper). 
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Integrated Circuits Compound GaAs Sic GaN 
John Zolper of the Office of Naval 
Research reviewed progress in 
HEMT devices, with reference to 
the need for high-power-density 
wide-band amplifiers in the higher- 
frequency ranges, with X-band 
transmit-receive modules of partic- 
ular interest. These frequencies 
are stretching the capabilities of 
GaAs, which must now compete 
with 4H-SiC and GaN (see Table 1 
for a comparison of key material 
properties). 
Although Sic and GaN have 
similar bandgaps (3.26 and 3.49 
eV) and mobilities (700 and 900 
cm*/Vs), GaN breakdown voltages 
are higher and Sic has a thermal 
conductivity advantage, even 
though recent data has increased 
the thermal conductivity of GaN to 
2W/cm K. Also, 2DEG sheet densi- 
ties are highest for nitrides.Thus in 
the device world, GaN has a lo- 
fold better breakdown voltage and 
Output power 
(W/mm) 1.5 4.3 9.8 
Table 2. Comparative device output power 
a two-fold advantage in Idss current 
over GaAs. Zolper reported that, 
since carriers cannot be confined 
as well in Sic as in GaN, the latter 
will have a superior power effi- 
ciency, which amounts to 10% 
“GaN has a 70-fold better 
breakdown voltage and a 
two-fold advantage in lclSS 
current over GaAs” 
Power Added Efficiency in ab- 
solute terms (already obtained 
from AlGaN/GaN HEMTs). 
If the relative power levels are 
compared for the three materials 
(Table 2) then the superiority of 
GaN becomes obvious. Since the re- 
ported value of 9.8 W/mm for small 
discrete devices is only the latest da- 
ta for nitrides, output power levels 
are expected to increase further in 
future.Also, considering the already 
demonstrated superior perfor- 
mance of nitride materials, a value 
of 5 W/mm has been targeted for 
large-area HEMTs (such as would be 
required for a commercial trans- 
mit/receive module), and more ro- 
bust AlGaN HEMTs are only a 
matter of time. Such HEMTs now 
operate at 210 GHz, but Zolper ex- 
pects operating frequencies to rise 
to 50 GHz in the near future. 
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The IR camera, using a 905 nm laser 
diode system, measures etches rates 
and calls the endpoints of ternary and 
quatemary layers of Ill-V materials. It 
can be positioned accurately on the 
wafer using a manual or motorized X-Y 
translation stage and a digital image of 
the wafer surface provided by an 
integrated CCD. Pattern recognition is 
aiso available for automatic positioning. 
Used as a stand-alone system or 
integrated into a Multisem platform for 
multiple chamber process control it is 
driven by the software platform 
including real time in-situ process 
control, user programmable steps, and 
high sensitivity endpoint algorithms. 
Data management and reprocessing 
allows review and post process 
analysis of runs. 
Fr8nce . . ??
7, route d’Egly - 91290 Arpajon _ 
Tel+33164909365 
Fax +33 1 60 83 91 83 USA : + 1 732 494 8660 Germany : +49 46 23 17-O 
E-mail : tfg-sales@jobin-sofkcom Italy:+39257603050 Japan : +81 356677351 Uk: +4420820481 42 i 
W/s Review ??Vol.1 3 No. 5 2000 
41 
